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SYSTEMS AND METHODS FOR AMPLIFIED OPTICAL METROLOGY 
BACKGROUND OF THE INVENTION 

Field of the Invention 

[0001] This invention relates to spectrometers and, more particularly, to measurements (i.e., 
metrology) within spectrometers. 

Description of Related Art 

[0002] A spectrometer may be considered as an instrument for measuring the positions of 
spectral lines (e.g., isolated peaks of intensity) in a spectrum of radiation. Spectrometers may be 
utilized in land, sea, air, and space-based configurations to measure radiance from a source or a 
field of view in many different spectral channels (i.e., bands within a wavelength region). 
Typically, a larger number of spectral channels is desirable, because more precision and 
information about a given spectrum may be obtained. For example, it may be desirable to have 
tens, or hundreds, or thousands of channels within a given wavelength region (i.e., 8-12 |im, 
known as the long wave infrared (LWIR) region). 

[0003] One exemplary type of spectrometer is a Fourier transform infrared (FTIR) 
spectrometer based on a Michelson interferometer configuration. The Michelson interferometer 
may be utilized for precise measurements of wavelength or energy distribution in a heterogenous 
beam of radiation based on an interference pattern. The principles of Michelson two beam 
interferometry may be utilized for spectroscopy, for example, in the infrared wavelength region. 
In Michelson spectroscopy use, the large luminosity of the Michelson-based interferometer may 
be advantageously combined with a photographic spectrograph to simultaneously observe an 
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entire spectrum. The Michelson FTIR spectrometer detects and records a Fourier transform of 
the desired spectrum, which may be obtained by an inverse transform. 
[0004] In the Michelson FTIR spectrometer, a laser is typically used as a metrology source 
for the spectrometer. Such a metrology source may be thought of as a source of radiation that is 
used in calibrating and ensuring accuracy of the spectrometer. Knowledge of the exact 
wavelength of the laser source permits proper scaling of infrared power spectral density (IR 
PSD) data obtained by the FTIR spectrometer. Different approaches may be taken to measure 
the wavelength of the metrology laser. 
^ [0005] One method is to use the IR PSD and to look for the presence of spectral lines of 
known gas lines. With knowledge of the wavelength for these known gas lines, it is possible to 
deduct the wavelength of the metrology laser and to calculate the IR PSD. The resolution 
attainable with this measurement approach is dependent on the gas pressure and the resolution of 
the instrument. In some field situations, this approach is not suitable. Another approach 
employs making a calibration measurement using the spectrometer. Using a pointing mirror and 
by looking into a gas cell or at a lamp (e.g., a neon lamp), the acquired spectrum can be used to 
deduct the wavelength of the metrology laser and used to calibrate subsequent measurements. 
However, this approach requires the presence of a gas cell or lamp external to the spectrometer, 
which may not always be feasible. 

[0006] Thus, there is a need in the art to accurately calibrate spectrometers utilizing 
metrology sources that do not unduly add to the complexity of the spectrometers. 
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SUMMARY OF THE INVENTION 
[0007] Systems and processes consistent with the principles of the invention may, among 
other things, allow precise measurement of lengths and calibration of spectral data obtained from 
interferometers and spectrometers using an amplified metrology source. 
[0008] In accordance with one purpose of the invention as embodied and broadly described 
herein, a method for measuring length in an interferometer may include generating radiation 
having a known wavelength profile and amplifying the radiation to produce amplified radiation. 
The method may also include producing an interference pattern and measuring the interference 
P pattern. One or more lengths within the interferometer may be calculated using the measured 

1 ......... 

iji [0009] In another implementation consistent with principles of the invention, a device may 
^ include a radiant source configured to emit radiation and an optical amplifier configured to 

amply the radiation emitted by the radiant source to produce amplified radiation. At least two 
^ optical elements may be configured to produce an interference pattern from the amplified 

2 radiation. A detector may detect the interference pattern and generate data from the interference 
pattern. A processor may be configured to measure one or more lengths from the data. 

[0010] In a ftirther implementation consistent with principles of the invention, a method for 
determining a length in a spectrometer may include generating radiation including a precisely 
known wavelength and amplifying the radiation to produce amplified radiation. An interference 
pattern may be created from the amplified radiation. A precision available for a length 
measurement may be increased. The interference pattem may be detected. The length 
measurement may be performed from the detected interference pattem. 
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BRIEF DESCRIPTION OF THE DRAWINGS 
[0011] The accompanying drawings, which are incorporated in and constitute a part of this 
specification, illustrate an embodiment of the invention and, together with the description, 
explain the invention. In the drawings, 

[0012] Fig. 1 is a schematic diagram of a Michelson-based interferometer for measuring the 
wavelength of radiation; 

[0013] Fig. 2 is a schematic diagram of an Fourier transform spectrometer (FTS) according to 
an implementation consistent with the present invention with a metrology source to provide 

7,1 • 

radiation for wavelength measurement and calibration; 



nj [0014] Fig. 3 is a schematic diagram of the metrology source of Fig. 2 according to one 
Ul implementation consistent with the present invention; 
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«P [0015] Fig. 4 is a schematic diagram of the metrology source of Fig. 2 according to another 
implementation consistent with the present invention; 

iU 
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! [0016] Fig. 5 is a flow chart illustrating operation of the FTIR spectrometer of Fig. 2 in an 
2 implementation consistent with tiie present invention; and 

[0017] Fig. 6 is a table illustrating wavelengths obtainable from gas lamps and representative 

wavelengths which may be amplified. 

DETAILED DESCRIPTION 
[0018] The following detailed description of the invention refers to the accompanying 
drawings. The same reference numbers may be used in different drawings to identify the same 
or similar elements. Also, the following detailed description does not limit the invention. 
Instead, the scope of the invention is defined by the appended claims and equivalents. 
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[0019] As described herein, in one implementation, an amplified spectral source may be used 
to generate a high magnitude signal whose spectral characteristics are precisely known. An 
interferogram generated from this signal may be utilized to calibrate data generated from the 
spectrometer that generated the interferogram. 

EXEMPLARY DEVICE 
[0020] Although the present invention can be used in many different applications where 
interferometric based spectral measurements are usefiil, one embodiment of the present invention 
may be utilized in space-based spectral scanning applications. 

[0021] Fig. 1 is a schematic diagram of a Michelson-based interferometer system 100 for 
measuring the wavelength of emitted or reflected radiation. The interferometer system 100 may 
include a radiation source 1 10, a semi-silvered flat mirror 120, a compensating plate 130, a first 
flat mirror 140, a second flat mirror 150, and a radiation detector 160. The interferometer 
portion of the interferometer system 100 may include all elements (120-160) except the radiation 
source 110. In one implementation consistent with the present invention, the radiation may 
include infrared light. 

[0022] A light beam from the radiation source 1 10 may be split by the semi-silvered flat 
mirror 120 at an angle of 45 degrees with respect to the beam into two beams that are normal to 
one another. The direct (i.e., not reflected or bent) beam passes through a compensating plate 
130 that is parallel to the semi-silvered flat mirror 120. The direct beam may reflected back to 
semi-silvered mirror 120 by the second flat mirror 150. Similarly, the "bent" beam that is 
reflected 90 degrees from its original path may be reflected by the first flat mirror 140. The first 
flat mirror 140 may be configured to move a distance d in the direction of the bent light beam, 
thereby varying a length of the bent beam's optical path. 
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[0023] The reflected bent and direct beams may interfere when combined by the semi- 
silvered flat mirror 120. If the two optical paths are nearly equal, interference fringes may be 
observed. The greater the difference of the paths, the more nearly monochromatic the light must 
be for observing any fringes. The fringes may shift due to the displacement of the first mirror 
140 in time. The path difference between successive bright fringes may be 7J1^ where X is the 
wavelength of the light source, and the passage of one bright fringe to a position previously 
occupied by an adjacent fringe implies the translation of the first mirror 140 by a distance of ^74. 
Hence, path differences and distances within the spectrometer may be determined from the fringe 
patterns, 

[0024] In one implementation consistent with the present invention, the interferometer 
arrangement 100 may utilize comer-cube reflectors for mirrors 140 and 150. Mirror 140 may be 
moved slowly along the optical axis at a constant rate, and an aperture (not shown) may be used 
with the source 1 10. The photodetector 160 may include an array of detector elements, and may 
be configured to record the Fourier transform of the spectrum of light emitted from the source 
1 10 as a function of time. 

[0025] Fig. 2 is a schematic diagram of an Fourier transform spectrometer (FTS) 200 
according to an implementation consistent with the present invention. The spectrometer 200 
may include a metrology source 210, a directional mirror 220, a beam splitter 230, a stationary 
mirror 240, a moving mirror 250, detectors 260, and processing circuitry 270. The metrology 
source 210 may be configured to generate radiant energy (e.g., light). As described below, the 
metrology source 210 may be configured to emit high-power radiation with a precise wavelength 
that is suitable for measurements within the spectrometer 200. 
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[0026] The directional mirror 220 may include one or more mirrors arranged to direct 
radiation from the source 210 to the beam splitter 230. In an alternate implementation consistent 
with the invention, the radiation source 210 may emit radiation directly to the beam splitter 230, 
removing the need for the directional mirror 220. 

[0027] The beam splitter 230 may be configured to create two orthogonal optical paths for 
incident radiation. The beam splitter 230 may include a partially reflective mirror, or an optical 
grating. Incident radiation may be split by beam splitter 230 into a first beam that strikes the 
moving mirror 250 and retums along substantially the same path, and a second beam that strikes 
O stationary mirror 240 and retums along substantially the same path. The beam splitter 230 may 
combine the two beams returning from mirrors 240 and 250, producing an interference pattem. 

in 

Movmg mirror 250 may be configured to move along the optical axis of its incident radiation, 
g The moving mirror 250 may be moved by an actuator (not shown), such as an electric motor, 
fy [0028] The detectors 260 may include a two dimensional array of detector elements that are 
^ configured to detect an impinging interference pattem from the beam splitter 230 and convert it 
^ into electrical signals. The detecting elements may be constructed of materials (e.g., Si, Ga: Si, 
InSb, etc.) that are sensitive in a certain wavelength region, such as visible, near infrared, mid 
infrared, or far infrared regions. The combined beams of radiation from the beam splitter 230 
may destructively interfere at some points which appear dark, and constructively interfere at 
other points which appear bright. These interference patterns may be sensed by the detectors 260 
to facilitate production of the interferograms. In addition to radiation from the metrology source 
210, the detectors may detect radiation from a radiation source of interest (e.g., radiation source 
1 10 or another observable object). 
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[0029] The processing circuitry 270 may include circuitry and/or software for calibration and 
for automatically tracking fringe coxmts. The processing circuitry may include a general purpose 
processor to process the raw spectral data produced by the detectors 260. Alternately, the 
processing circuitry 270 may include a zero crossing detector to count fringes and determine 
optical path differences. In other implementations consistent with the present invention, the 
processing circuitry 270 may include a phase-locked loop (PLL) to measure path differences. 
The PLL may interpolate between zero crossings to increase the precision of the path difference 
(i.e., distance) measurement by 2, 4, 8, 16, 32, 64, etc. The PLL, however, requires a stronger 
optical signal than a zero crossing detector. Thus, the metrology source 210 may include an 
amplifier if a PLL is used. 

[0030] Fig. 3 is a schematic diagram of the metrology source 210 according to one 
implementation consistent with the present invention. The metrology source 210 may include a 
power supply 310, a spectral lamp 320, a first focusing lens 330, a coUimating lens 340, a filter 
350, a second focusing lens 360, an input optical fiber 370, and an optical amplifier 380. The 
metrology source 210 may also optionally include a non-linear optical (NLO) device 390. The 
power supply 310 may include a known electrical supply designed to power a spectral lamp. 
The power supply 310 may include, for example, a battery or other power source and a voltage 
converter for producing a suitable voltage for the spectral lamp 320. 

[0031] The spectral lamp 320 may be configured to produce noncoherent light having a well 
defined and known wavelength spectrum. One example of the spectral lamp 320 may include a 
gas discharge lamp, such as a neon lamp, that produces numerous spectral lines that can be 
utilized for calibration. The neon lamp, for example, may produce a spectral line with relatively 
strong output power at 703 nanometers. However, the neon lamp may produce other spectral 



8 



y Docket No. 0029-0002 



lines which may be used in Ueu of the spectral line at 703 nanometers (e.g., spectral lines with 
sufficient power output at approximately 633 nanometers and 725 nanometers). Another 
example of the spectral lamp 320 includes a gas absorption cell. 

[0032] The first focusing lens 330 may collect available light from the spectral source 320 
and concentrate the light over a smaller area, such as the face of the coUimating lens 340. The 
collimating lens 340 may be configured to redirect the converging beam from the first focusing 
lens 330 and output a coUimated beam having substantially parallel rays. The filter 350 may 
include a narrowband spectral filter configured to pass only a narrow band of wavelengths. For 

^ example, the filter 350 may be designed to exclude wavelengths other than 703 nanometers. 

□ 

f3| Other center-band, or pass-band, wavelengths are possible for the filter 350, and may be chosen 

yi by one skilled in the art based on the wavelength characteristics of the spectral lamp 320. 

in 

^ [0033] The second focusing lens 360 may be used to couple the collimated, filtered light from 



m 



the fiher 350 into the input optical fiber 370. Alternately, the input optical fiber 370 may include 
a tapered end which obviates the need for the second focusing lens 360. The input optical fiber 
370 lay include a single mode optical fiber configured to optically couple radiation into the 
optical amplifier 380. 

[0034] The optical amplifier 380 may include an erbium doped fiber amplifier (EDFA) or a 
semiconductor optical amplifier (SOA) that is configured to impart a gain to an input optical 
signal. The optical amplifier 380 may impart a gain of 20-40 dB (e.g., 36 dB) to the input optical 
signal, and may be configured to operate over a band of wavelengths that encompasses the 
wavelength range passed by the filter 350. Optical amplifiers 380 may be available in certain 
wavelength regions. Fig. 6, for example, is a table illustrating wavelengths which may be 
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obtained from different types of spectral lamps 320. The highlighted wavelengths within Fig. 6 
may be amplified by readily available optical amplifiers 380, 

[0035] The metrology source may optionally include the NLO device 390, which is 
configured to generate one or more harmonic multiples of an input optical signal. If the input 
signal, for example, has a wavelength ofX, the NLO device 390 may produce a signal with a 
wavelength of A,/2, A,/4, etc. Alternately, the NLO device 390 may be configured to produce new 
lines at multiples of the input wavelength (e.g., wavelengths of 2X, 4X., etc.). Such NLO devices 
typically require a relatively strong optical signal, so the NLO device 390 is placed after the 
optical amplifier 380. 



rj [0036] An output fiber may be configured to optically couple the amplified (and possibly 
m harmonically altered) optical signal to the beam splitter 230. The output optical fiber may 

m 

=P include one or more lenses (not shown) to accomplish this task. 

[0037] Fig. 4 is a schematic diagram of the metrology source 210 according to another 

ry 

^ implementation consistent with the present invention. As illustrated, the metrology source 210 

b 

1^ includes a laser source 410, an input optical fiber 370, an optical amplifier 380, and an optional 
NLO device 390. The input optical fiber 370, the optical amplifier 380, and the optional NLO 
device 390 may be configured as previously described, and will not be further discussed here. 
[0038] The laser source 410 may be configured to produce coherent light having a well 
defined and known wavelength. One example of the laser source 410 may include a distributed 
feedback (DFB) laser diode. The DFB laser diode 410 may include a grating (not shown) at one 
end of a resonator to make one mode oscillate more strongly than others. The spacing of the 
grating may be chosen to distribute the feedback in both directions, thereby creating a condition 
that approaches single mode oscillation. In addition, the distributed feedback laser diode 410 
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may include optical feedback and temperature control elements to produce a single mode 
coherent beam whose wavelength is precisely known and does not drift with time. Thus, the 
distributed feedback laser diode 410 in conjunction with the optical amplifier 380 may produce a 
relatively high power, low drift coherent signal whose wavelength is known to a high precision. 
Other examples of the laser source 410 include lasers, fiber lasers, and distributed Bragg 
reflector (DBR) sources. 

DEVICE OPERATION 

[0039] Fig. 5 is a flow chart illustrating exemplary operation of the spectrometer 200. 
H» Operation may begin with the generating portion of the metrology source 210 generating an 
Q optical signal with a precise wavelength [act 510]. As explained earlier, this may be 

accomplished via filtering a broad spectral source or by generating a single mode coherent beam 

U 3 

of light. An optical amplifier 380 may then amplify the generated optical signal to increase its 
1^ Optical power [act 520]. Such amplification allows a lower power signal generator to be utilized 

! W 

py within the metrology source 210, while still producing a signal having a high enough power to be 
useful. 

[0040] The NLO device 390, if present, may change the wavelength of the amplified optical 
signal to a harmonic fraction of the wavelength (e.g., the wavelength divided by two, four, etc.) 
[act 530]. Decreasing the wavelength of the metrology source 210 in this manner may provide a 
more precise measurement of distances (e.g., optical path differences) in the spectrometer 200. 
[0041] Operation may continue with the mirrors 240 and 250, in conjxmction with the beam 
splitter 230, creating an interferogram from the amplified optical signal [act 540]. Due to the 
high power optical signal, the fringes of the interferogram may be distinctly seen and easily 
resolved by detectors 260. 
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[0042] After detection of the interferogram and conversion into electrical signals by the 
detectors 260, the interferogram signals may be measured by the processing circuitry 270 [act 
550]. The processing circuitry 270 may include a zero crossing detector to determine a number 
or spacing of fringes. As previously explained, the processing circuitry 270 may include a 
phase-locked loop (PLL) to make such measurements with greater precision. However, PLLs 
typically need a strong signal (e.g., from amplifier 380) to work properly. Such PLLs may 
increase the precision of the fringe measurements by 64 times or more. 

[0043] Using the interferogram measurements, lengths within the spectrometer 200 (e.g., path 
lengths or path differences) may be calculated using techniques known in the spectrometer art 
[act 560]. Such path differences, for example, should be calculated based on samples finer than 
half of the shortest wavelength to be measured by the spectrometer. For example, if an FTS has 
a shortest wavelength (e.g., determined by the sensitivity of its detector array) of 2 jam, it should 
sample the interferogram at 1 |Lim or shorter intervals. As explained above, a high signal strength 
(e.g., signal to noise ratio (SNR)) may facilitate techniques (e.g., using a PLL, using an NLO 
device, or both) for increasing the precision of metrology measurements. Thus, it is desirable to 
use the optical amplifier 380 to amplify typically weak signal sources (e.g., spectral lamp 320 or 
laser source 410) in the metrology source 210. 

[0044] The spectrometer 200 may be calibrated utilizing the calculated lengths. For example, 
because the wavelength of the light fi:om the source 210 is known with precision, the calculated 
lengths in act 560 may be utilized to calibrate a wavenumber scale for measurement of power 
spectrum density data taken during normal operation of the spectrometer. Also, the fringe 
measurements may be used to precisely calculate an amount of movement of the moving mirror 
250 using techniques that are known in the FTS art. 
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[0045] For example, in an FTS based on the Michelson interferometer, a laser 410 may be 
used as the metrology source 210. The known wavelength of the metrology laser 410 may be 
used to calibrate the scale of the infrared (IR) power spectral density (PSD) produced by the 
FTIR spectrometer. The laser-based interferometer produces a sinusoidal signal that is used 
when sampling IR interferograms produced by the interferometer. The sampling period is given 
by X, where X is the laser's wavelength. The power spectrum density of the IR signal may be 
obtained from the Fourier transform of the sampled interferogram. The wavenumber scaling for 
the power spectrum density may be calculated from the laser wavelength X. 
[0046] The foregoing description of preferred embodiments of the present invention provides 
illustration and description, but is not intended to be exhaustive or to limit the invention to the 
precise form disclosed. Modifications and variations are possible in light of the above teachings 
or may be acquired from practice of the invention. For example, although described in the 
context of interferometers and spectrometers, the methods described herein also may be 
practiced in various spectrometers (e.g., Sagnac), spectroscopes, optical encoders, long baseline 
interferometers, multiple aperture phased array telescopes, and active wavefront compensation 
systems. Further, the present invention is not limited to the numerical examples described 
above, nor to the present range of operating wavelengths of EDFAs, SOAs, etc. Also, although 
an optical filter has been described, the present invention is not limited to a single spectral 
feature, because optical amplifiers are capable of simultaneously amplifying many different 
wavelengths. Accordingly, it is contemplated that more than one amplified spectral feature may 
be used for calibration of spectral data. 

[0047] Further, the acts in Fig. 5 need not be implemented in the order shown. For example, 
non-dependent acts may be performed in parallel. 
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[0048] No element, act, or instruction used in the description of the present application should 
be construed as critical or essential to the invention unless explicitly described as such. Also, as 
used herein, the article "a" is intended to include one or more items. Where only one item is 
intended, the term "one" or similar language is used. The scope of the invention is defined by 
the claims and their equivalents. 
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